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A computer-aided analysis of the electron paramagnetic resonance (EPR) spectra of
TEMPO radicals adsorbed in X zeolites is performed under various experimental condi-
tions, both in the absence and in the presence of various species. In dehydrated
NaX zeolites the radical gives rise to two superimposed signals corresponding to
species characterized by different mobility and polarity and by a different tempera-
ture dependence. Controlled addition of water leads to an increase of mobility up to
4.2 water molecules per supercage. Under conditions of partial hydration, the radi-
cals show an increase in the correlation time for motion with an increase in the size
of the cation in the exchanged zeolites, whereas an increase, in mobility is found upon
going from NaX to NaY samples. These results are analyzed in terms of the variation
of the local electric field at the surface. Dipolarbroadenipng is shown to be respon-
sible for the line shape variations found at TEMPO loadings up to 0.32 molecules per
supercage. Feisenberg spin-spin interactions also become relevant at higher loading.
Increasing amounts of 2,2,6,6-tetramethyipiperidine induce a restriction of mobility.
This result is interpreted in terms of a decrease in the free volume available to
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similar increase in mobility as found with increasing amounts of water. The

environmental polarity, as expected, decreases due to the replacement of water

molecules with pentane. It is proposed that the zeolite hosts, when saturated

with pentane, slow moving radicals which are trapped in the pores.
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Abstract

A computer-aided analysis of the electron paramagnetic resonance (EPR) spectra of TEMPO radicals adsorbed in X
zeolites is performed under various experimental conditions, both in the absence and in the presence of various species

In dehydrated NaX zeolites the radical gives rise to two superimposed signals- corresponding to species characterized by
different mobility and polarity and by a different temperature dependence' Controlled addition of water leads to an
increase of mobility up to 4.2 water molecLies per supercage. Under conditions of partial hydration, the radicals show an
increase in the correlation time for motion with an increase in the size of the cation in the exchanged zeolttes. whereas
an increase in mobility is found upon going from NaX to NaY samples. These results are analyzed in terms of the
variation of the local electric field at the surface. Dipolar broadening is shown to be responsible for the line shape
variations found at TEMPO loadings up to 0,32 molecules per supercage. Heisenberg spin-spin interactions also become
relevant at higher loading. Increasing amounts of 2,2,6.6-tetramethylpiperidine induce a restriction of mobility. This
result is interpreted in terms of a decrease in the free volume available to radicals which occupy the zeolite cavities
However, loading of pentane leads to a similar increase in mobility as found with increasing amounts of water. The
environmental polarity, as expected. decreases due to the replacement of water molecules with pentane. It is proposed
that the zeolite hosts, when saturated with pentane, slow moving radicals which are trapped in the pores.

Keywords- Adsorption; electron paramagnetic resonance spectra; TEMPO radicals; X zeolite.

Introduction [3]. Paramagnetic probes may localize in sites
characterized by different environmental mobility

The faujasite cavities of the NaX zeolites can and polarity at the zeolite surface. In this case, the

comfortably host guest molecules with diameters electron paramagnetic resonance (EPR) technique

up to 0.7-0.75 nm, since the kinetic diameter of can give very precise structural and dynamical

the cavity window is about 0.8 nm [I]. On the information about the probes and their environ-

contrary, only small species may enter the sodalite ments by means of an accurate analysis of the

cavities (diameter, 0.22 rim). spectral line shape (4]. Under conditions where

Both the hydrated and dehydrated zeolites are the exchange rate among different sites is slow on

known to present a locally homogeneous distribu- the EPR time scale, i.e. less than (2-3)- 10' s -, the

tion of cations and surface groups (both 0- and corresponding EPR signals at each site contribute

OH) (2]. Furthermore, the faujasite cavities bear as superimposed adsorptions to the overall spectra.

different adsorption sites, termed Sites Ii and HII Due to their ability to interact with the surface
sites, and due to the excellent methods for detailed

Correspondence to M.F. Ottavni. Deprtrment of analyses of the spectral line shape, both paramag-

Chemistry. Via G. Capponi, 9, 50121 Firenze, Italy. netic metal ions [5-11] and nitroxide radicals
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[4.12-17] behave as good spin probes in zeolites interactions. Furthermore, the EPR spectra of the
X and Y. dry NaX sample (containing 0.011 TEMPO mole-

In the present work we have chosen the 2.2.6,6- cules per supercage) were recorded at various
tetramethylpiperidine-.V-oxyl (TEMPO) radical as temperatures. Another set of related samples was
EPR probe to obtain information on the inter- prepared with a constant amount of 0.0 11 TEMPO
actions of guest species with the zeolite surface molecules per supercage and different amounts of
under different experimental conditions. The diam- 2,2,6,6-tetramethvlpiperidine (a diamagnetic guest
eter of the smallest cylinder (critical diameter) of molecule which mimics TEMPO in size and shape).
the radical, that is about 0.65 nm, permits access The water content was controlled gravimetrically
to the faujasite cavities [18,19]. The selected before the EPR measurements. The samples used
species, including the probe itself, present different for variable hydration experiments were prepared
sizes, polarities and abilities to interact with the using water vapor transferred from a water reser-
zeolite surface. The computer-aided spectral analy- voir with a gentle stream of argon gas. The extent
sis, by means of suitable programs, allowed us to of hydration was determined gravimetrically. An
evaluate both the magnetic parameters, i.e. the g additional set of dry samples was exposed to
and nitrogen hyperfine tensor components, and peneane vapor which was carried into the sample
the parameter for motion, i.e. the correlation time in a stream of argon.
for motion r. The parameters were measured as a The EPR measurements were repeated for vari-
function of the extent of hydration, the loading of ous samples, under the same experimental condi-
probe, the temperature, and the presence of tions, by also using. zeolites from different
different guest molecules. preparations. Therefore, the reliability of the results

could be assessed from their reproducibility.
Experimental All EPR measurements were performed on a

Bruker ESP300 interfaced to a computer with the
The TEMPO radical employed in this investiga- ESPI600 software system. Temperature control

tion was obtained from Aldrich and was used as was achieved with a Bruker ER 411 IT temperature
received. The samples of the zeolites LiX, NaX, controller (T -20 ± I 'C).
and KX (Si, Al, 1.22), and the zeolite NaY (Si/Al, The accuracy of the parameters evaluated from
2.36) were generous gifts from Dr. E. Flanigen of computation of the EPR spectra is as follows: r =
Union Carbide Tarrytown Technical Center. + 0.05. 10- 9 s; A- + 0.05 G; g1j = ± 0.00005.
Zeolite samples for EPR measurements (about
40 mg) were calcined individually in the open air Results and discussion
for 12 h at 550°C and allowed to cool down to
room temperature in a desiccator before exposure TEMPO radicals in dehydrated NaX zeolites
to pentane solutions of TEMPO. The adsorption
of TEMPO from pentane solutions at various To obtain information on localization and
concentrations was controlled spectrophotometri- mobility of the probe in the faujasite cavities, the
cally at 220 nm. To eliminate both residual pentane radicals adsorbed in dehydrated zeolites were
and oxygen, all samples were evacuated to 0.1 Torr studied at different temperatures. Figure 1 shows
and sealed in Pyrex containers (internal diameter the EPR spectra of 0.011 TEMPO molecules per
about 2 mm). The adsorption isotherm of TEMPO supercage adsorbed in dehydrated zcolites at three
in NaX from pentane solutions reveals an efficient representative temperatures: 273, 293 and 313 K.
uptake up to a saturation value of about 3.54 mol The radicals at room, and lower, temperature give
g-1 (5.6 wt%). These samples were employed for rise to an almost rigid signal, which corresponds
the study of the effects of loading and spin-spin to r> 5.10- s for typical nitroxide radicals. but
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tion of the spin density in the N-0 group, due to
the significant surface electric field, together with
the formation of an electric quadrupole moment

273 K [13,14]. Signal b was computed by using the
program written by Schneider and Freed [20] for
slow-moving nitroxide radicals (5" 10's > r >

-. 293 K (2-3) 10-' s) which also includes linewidth calcu.
.•sina a--,*' lation from relaxation parameters, Brownian

diffusion was assumed to modulate the magnetic

"tensor components, with 2 - 10 8 s. The intrinsic
linewidth used for computation was 3 5 G, which

313 K indicated a small contribution from dipo!zr broad-
S-ening. This relatively narrow linewidth also demon-

strated that the evacuation procedure used to
prepare these samples was effective in removing
almost all the oxygen from the cavity network.

3350 3400 Indeed, we found that unevacuated samples show
Fig. I. Experimental (full lines) and computed (dashed and a large dipolar broadening of lines. The g tensor
dotted-dashed linesi EPR spectra of 0.011 TEMPO molecules components were the same as for signal a, whereas
per supercage adsorbed into dehydratece NaX zeolite at different a decrease of the AN components was implemented
temperatures. to improve the fitting (A1,=5.5G, Ar= 7.5G,

A.=36.5). The low rotational mobility of the
the line shape analysis indicated that the mobility radicals should exclude the possibility that non-
increases with the increase in temperature. Even interacting species are moving freely in the zeolite
the room temperature signal was rather broad, supercages. However, the permanent dipole
probably due to small spin-spin effects. In spite of moments of the nitroxides also guarantee their
this, two contributions were recognizable which interaction with the electrostatic field of the ionic
arose from radicals in two different environments, zeolite structure. The low mobility of the species
characterized by different mobility and polarity, prevented any attempts to calculate the exchange
Indeed the line shape at 293 K was fitted by adding rates between the different moving radicals by
the two computed signals (at I :1 ratio) shown as means of the method proposed by Davoust and
dashed and dashed-dotted lines below the spectrum Devaux [21]. We propose that the two contribu-
(signals a and b respectively). Signal a was obtained tions arise from radicals sitting in separate cavities
as a rigid powder spectrum by using the program at Sites III (on the surface of the large cavities)
Siml5fi which assumes a random orientation of and II (in the large cavities close to the sodalite
spins and performs a double numerical integration cage) respectively, as already found for C1O 2 mole-
over an octant of the unit sphere. Non-axial g cules (22]. Both types of sites provide ready inter-
and hyperfine tensors were considered in the sim- actions with polar molecules. Indeed the 48 Sites
plified Hamiltonian: H = fl(g•,SHz + gxxSxHx + III in the dehydrated NaX contain only four Na ;
g,,S,H,) + (ASI, + AxSj,,l + A,,Syl) (g tensor this corresponds to a much smaller interaction
components, 2.0097, 2.0064 and 2.0025; AN tensor probability with respect to the 32 Na + at the 32
components, 7.0, 8.0 and 37.5 G). Sites Ii [I]. The electric field is stronger at Sites

The relatively high values of the mean hyperfine III than at Sites II and the cations at Sites III are
coupling ((a>= (lI/3Ax + A + Az)), determined poorly shielded [23]. Therefore, the radicals should
from ,l-t' fitting program, indicated high polariza- preferentially interact at Sites III where the N-O
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groups experience a rather strong spin polarization, corresponding to signal a was no more clearly
These findings account well for the lower mobility defined and an arbitrary fitting could be obtained
(as sensed by the correlation time for motion) and by decreasing line width or hyperfine coupling, or
the higher environmental polarity (as sensed by by increasing mobility. However, the spectrum at
the hyperfine coupling tensor) of the radicals which lower temperature (273 K in Fig. I) showed almost
are supposed to interact at Sites Il1. Similar conclu- a collapse of the two signals due to restriction of
sions have been drawn by EPR studies on fully mobility of signal b. Therefore both signals a and
solvated X zeolites containing nitroxide radicals, b showed temperature dependence, although signal
even when the solvation strongly modified the a presented a lower variation of the correlation
mobility of the radicals [14]. time for motion with temperature, as compared to

However, other effects can also be proposed to signal b. The low accuracy in the determination of
explain the results. the motion parameters did not allow for a quantita-

(1) The persistence in some sites of water mole- tive evaluation of the activation energy for motion.
cules may lead to the increase of mobility (see However, the activation energy for rotational
below). Nevertheless, this possibility is unlikely motion was clearly lower for signal a than for
because (a) the samples were thoroughly dehy- signal b. A decrease of the activation energy with
drated. (b) results from different preparations were respect to unadsorbed nitroxide solution is typical
reproducible under the same experimental condi- of radicals interacting at surface sites in restricted
tions and (c) higher A. tensor components were space [14].
found in the presence of added water molecules
(see below). Therefore we conclude that the pres- Effect of water addition into dehydrated TEMPO-
ence of signal b cannot be ascribed to water containing NaX zeolites
molecules surrounding the radicals.

(2) The localization of some of the radicals may Figure 2(a) shows the effect produced by a
be on the external surface of the zeolites. Of course controlled addition of water on the lineshape of
the preparation procedure cannot prevent some dehydrated NaX zeolite containing 0.011 TEMPO
radicals from being localized on the external sur- molecules per supercage. Only one spectral compo-
face. Indeed, in such a case, the external and nent was identifiable in the experimental spectra
internal sites should show different radical mobili- reported in Fig. 2(a). A further consequence of the
ties upon addition of water. However, since only water addition was a progressive increase of mobil-
one component was present in the hydrated ity. Indeed, the spectrum at 4.2 water molecules
samples (see below), it is reasonable to suppose per supercage (4.6 wt% corresponding to 2.5 mmol
that the largest part of the radicals is adsorbed g9-) was computed (dashed line) as a single line
into the cavities. signal with T"=7.5-10- s (AN tensor components,

(3) The presence of impurities may create a 6.5, 8.0 and 36.9 G whereas from 12 to 26.3
different environment for the radicals. The repro- molecules per supercage the correlation time for
ducibility of the results with zeolites from different motion underwent only a small change from
preparations (and purifications) seems also to 4.5.10-9 to 4.0"10-9s.
exclude this last possibility. It was apparent that a very small amount of

The increase of temperature (spectrum at 313 K water (about four water molecules per supercage)
in Fig. I) produced an increase of mobility of the was enough to change both the localization (at

two signals. The dashed line, which is superimposed Site II) and the mobility (r increased from 2.0.10 -8
on the 313 K spectrum, was obtained with the to 7.5 .10- 9 s) of the radicals. It is well known that

same magnetic parameters and line width as signal water molecules are hosted in both the sodalite
b at 293K, but r=8.5-10-'s. The line shape and faujasite cavities and about 24 ,ater molecu!!s
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increase of mobility. Therefore. it was assumed
that the preferential hydration of the cations at

4. oCercues Sites II forced the radicals to move to such sites.

"It\\ tand the two-site distribution characterizing the

molecules dehydrated zeolite (corresponding to signals a and
.. __ 12.0 b) was completely lost. However, the almost con-

stant 'slow" mobility, which was found for the
molecules radicals at hydration > 10 molecules per supercage.""l, uercue• indicated that a further hydration of the radicals

was prevented. Since only four of the eight Na÷
molecules cations per supercage are considered as active sites

J 26.3 supercag in the large zeolite voids [I], the mobility of each
radical hosted in a large void increased up to 2-3
water molecules per cation ("saturation" condi-

tions). Further hydration did not modify the radical

mobility, probably due to preferential interaction
,35 of these partially hydrated radicals with the zeolitesurface. This is in very good agreement with previ-

ous results by nuclear modulation in the spin echo
patterns [17]. These results indicate that only four

deuterium nuclei, belonging to two or three D 20
molecules, are in close proximity to the N-O

group, even in fully hydrated NaX zeolites.
However, our results also correlate well with the
results from the calorimetric measurements

reported in Ref. [24]. The authors have found that
the calorimetric pattern as a function of water

(b) 3450 3500 uptake gave a plateau at uptakes •>4-6 water

Fig. 2. (a) Experimental (full lines) and computed (dashed lines) molecules per supercage. This has been interpreted

EPR spectra of 0.011 TEMPO molecules per supercage in terms of a limited cation hydration at the

adsorbed into NaX zeolite at different water uptakes (indicated zeolite surface.
in molecules per supercage). (b) Experimental (full line) EPR The signal showing T ; 4.0. 10- s was still pres-
spectrum of 0.011 TEMPO molecules per supercage adsorbed
into wet NaX zeolite. The dashed line was obtained by subtrac- ent in wet samples, superimposed on the three-line,

tion of the -free radicals" component (see text), fast-motion signal (Fig, 2(b)). The dashed line was

obtained by subtraction of the fast-motion compo-

per supercage represents the hydration layer of Na nent. Therefore a fraction of the radical (about

cations at the surface (i]. The dehydration curve 40%) remained at the zeolite surface, whereas

of this 24 molecules per supercage structure pre- another fraction gave rise to a contribution in fast-

sents a continuous pattern, thus indicating the motion conditions (r 2 1 -10-" s) due to radicals

same physicochernical properties for all water in "pockets" of water and not interacting with the

molecules. Since the radical molecules can only zeolite surface.

enter the faujasite cavities, they may localize in NMR analysis to characterize the status of zeo-

sites, like Sites II, in which the cation-water enrich- litic water [25-28] has indicated rapid exchange

ment ensures also hydration of the radical with (on the NMR time scale)of water molecules among

consequent lack of interaction with the surface and different sites, even if localized in different cavities.
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The different time scale of EPR allows the identifi- by similar physicochemical behavior, the same
cation of different environments for the radical charge, but a different chargesize ratio. Therefore,
probe, which correspond to water molecules bound attention was focused on the influence of this last
to different sites, or characterized by different parameter on the surface potential, which in
viscosity as a function of the distance from the turn affects the radical-surface interaction.
surface. Indeed, a gradient of viscosity has been Furthermore, hydrated samples were preferred to
found for fully hydrated zeolites, from the surface the dehydrated ones, since the two-site distribution
to the pore bulk [12-14]. complicated the spectral analysis more. The line

shape analysis for the series LiX-NaX-KX indi-
Effect of cation exchange in X Zeolite and cated an increase of the correlation time for motion
comparison between NaX and NaY :eolites with the increase of the cation size. With respect

to the TEMPO-NaX system for which r=
In Fig. 3 the spectrum of TEMPO radicals (0.011 4.0-10-'s, LiX and KX spectra were computed

molecules per supercage) in NaX zeolite, hydrated by using in the calculation r = 3.0- 10- s and r =
at 22-25 water molecules per supercage, is com- 4.7.10 s, respectively. However, for KX a tilt of
pared with the signals obtained with LiX and KX the main rotational axis of 80' was also considered
zeolites and with NaY zeolite at the same water to improve the fitting, which was a further indica-
and radical contents. In all cases the dashed lines tion of a stronger interaction of the radical with
reproduce the spectra computed by means of the surface sites, with a change of the main rotational
Schneider-Freed program [20]. We selected these axis along the N-O direction. This result might be
three alkaline cations since they are characterized analyzed in terms of the variation of the local

electric field; the adsorbate interaction with the
surface was stronger since the larger cations moder-
ately competed with the radicals for interacting at
the surface sites. However, it has been found [1]
that K ions are less hydrated than Na ions at Sites

L.X II in zeolite. Therefore, even if the total level of

hydration was almost the same, a lower hydration
at Sites 11 might be also responsible for the increase

NOX of correlation time for motion. In Fig. 3 the
spectrum of a TEMPO-NaY sample is also shown.
In this case, the variation of the local electric field

kX at the surface and the corresponding decrease of
cation density and hydration state well explained
the increase in mobility in going from NaX to
NaY samples. Indeed, in this last case the spectrum
was computed with r = 2.5. 10" s. Previous studies

NaY on the adsorption of positively charged cations in
X and Y zeolites [12,29] have shown that positively

20_ _ Gcharged species have a larger affinity for the lattice
of Y zeolites than X zeolites. Our finding of a

stronger interaction of the neutral TEMPO with
Fig. 3. Exoerimental (full lines) and computed (dashed lines) the X zeolite supported the explanation given by
EPR spectra of 0.011 TEMPO molecules per supercage
adsorbed into LiX. NaX, KX, and NaY zeolites, hydrated at the above authors. They invoked a charge effect
22-25 molecules per supercage. together with different hydration states to explain
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the stronger interaction with the surface in Y computation of the spectrum in Fig_ 2 for 0.011
zeolites. TEMPO molecules per supercage and 12 water

molecules per supercage. For instance, the correla-

Effect of increasing TEMPO loading in NaX zeoliie tion time used for computation was 4.5.10' s.
The linewidth was the only parameter which was

In order to investigate how the TEMPO radicals changed by the increase in loading up to :0,33
distribute in the network of the zeolite supercages, molecules per supercage. Figure 5 reports the
by interacting with surface sites, NaX samples were variation of linewidth as a function of the radical
analyzed at various TEMPO loadings. Figure 4 content. Slowly moving radicals usually undergo
shows the variation in EPR line shape with the such a line broadening because of dipolar-dipolar
increase in the molecules of TEMPO per NaX interactions, due to radicals hosted in nearby cavi-
supercage (hydrated at about 15 water molecules ties. However, at TEMPO concentrations larger
per supercage). The dashed lines are the spectra than 0.3 molecules per supercage, the spectra also
computed with the aid of the Schneider-Freed showed line narrowing typical of Heisenberg
program [20], by using, in all cases, the same exchange interaction. For instance the spectrum at
magnetic and mobility parameters as used in the 0.33 molecules per supercage was computed by

using an intrinsic linewidth of 16 G and exchange

16 a a

Smolecules 14 o
o 017 superco-ge

molecules
0.036 supercage 4 .

0 0.1 0.2 0.3 0.4 0,5

moleculesmolecules
0.093 supercoge (a) supercage

0.328 molecules

•" i "/_ •-,~,'."*st "
043molecules . ~ ,- 

5 uS0-493 supercoge, +,_

molecules 2
0.605 supercoe

molecules 0,

0.917So
0', . S - ' S.

50 G

(b) !:-

Fig. 5. (a) Variation of the linewidth (AB) used for the computa-

Fig. 4. Experimental I(ull lines) and computed (dashed lines) tion of the spectra. as a function of TEMPO molecules per

EPR spectra of NaX zoolites (hydrated at about 15 water supercage. (b) Schematic picture of a possible molecular

molecules per supercage) at different TEMPO loadings, indi- arrangement for Heisenberg exchange interaction between two

cated as TEMPO molecules per supercage. TEMPO molecules.
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frequency a) t 2.5' 10' s - I. However, the fitting of was used to represent the diamond connectivity of

the spectra at 0.5 and 0.6 molecules per supercage the X zeolite: we also assumed that a supercage
was obtained by using a constant linewidth of 16 G may be occupied by either one or two TEMPO
(in any case, an increase in linewidth of 1 G only molecules. The occupancy of the zeolite cavities
slightly affected the line shape and the linewidth was described using x as the number of TEMPO
of the computed spectra). whereas the exchange molecules per supercage. The following equations
frequency was increased up to 4. 10 and 8" 10' s-I were derived from the model:
respectixely, This behavior is expected for increas- (a) for pl, the probability that one TEMPO
ing TEMPO concentration due to localization in occupies one supercage
proximate sites at the zeolite surface. The steric
hindrance for two TEMPO molecules present in p1 = x2(l-x 2)"
the same supercage is very high. Nevertheless, we (b) for p2: the probability that two TEMPO
suppose that two N-O groups have good prob- molecules are in the same supercage
ability of facing each other in two proximate - 2 4
cavities at high loading, giving rise to Heisenberg p
spin-spin interactions (a schematic picture of a Ic) for p,. the probability that one or two
possible molecular arrangement is shown in Fig. 5). TEMPO molecules occupy isolated cavities.

Our results are comparable to some extent with
previous results obtained for water solutions of p, = (pl + p2)[1 - (pt + p2)]' =pq"

nitroxide radicals adsorbed into homoporous silica where p = pi + p2 and q = I - p
gels [30-32]. First of all the authors have found
restriction of mobility for the radicals hosted in (d) for p,, P p,,, and p,, the probabilities that

narrow pores [30,31]. Then, dipole-dipole broad- one or two TEMPO molecules occupy two, three.

ening prevails with the increase of probe concen- four, or five proximate cavities

tration [32], The evaluation of the mean distance P,2 = p2q 6 ; p, = p'(q7 + q");
d between radicals may be performed by means of
the contribution to the linewidth due to dipole- p,, = p'(3qs + q 9 + 0);
dipole interaction [33] ps = p5(qs + q9 + 3qtO + qt' + q1 2)

ABD= 3  10 20 ,43  Since the maximum loading was rather low, clus-

The dipolc-dipole contribution to the linewidth ters of up to five adjacent cavities were enough to

ASD was roughly evaluated by subtracting the account for almost all the probabilities.
linewidth obtained at low loading, i.e. conditions In Fig. 6 the total averaged probabilities that
under which the linewidth was invariant to small TEMPO molecules occupy isolated cavities or two,
changes of TEMPO concentration. On this basis, three, fc .ur, and five close cavities, indicated as YV =
for instance, the main distance at 0.036 molecules pJp,j, are reported as a function of the occu-

per supercage was found to be about 1.6 nm, pancy. These data indicated that increasing the
whereas at 0.33 molecules per supercage the calcu- loading of TEMPO led to about 20% probability

lation gave 1.0 nm. that two proximate cavities are occupied by one

To test the reasonableness of our hypothesis TEMPO molecule each. The plateau was reached
that, at high loading, the radicals localize in proxi- (saturation condition) at x=0.8-1.0 molecules per
mate cavities, and, two-by-two, may occupy the supercage. Of course the probability was lower for

same cavities, we performed a statistical simulation a larger number of occupied neighboring cavities.
of the distribution of TEMPO molecules in the By taking into consideration all the different radi-

zeolite cawities. A twvo-dimensional square lattice cal clusters, and in the limits of the low accuracy
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Fig 6 Rtelative averaged probabilities that TEMPO molecules 0 65oercoles
occupy isolated cavities or two, three, four, and five close
cavities (these probabilities are indicated as y, y~.. y), y,. and
y, respectively) as a function of the occupancy (molecules per
supercage).

of the calculation, the evaluated probabilities
accounted well for the spin-spin effects fou .d in (a) 3340 3380

the EPR experiments. T(alO's)

Effect of increasing uptakes of 2,2.6.6- a
tetramethylpiperidine (DunimyT, 6

The interaction of TEMPO molecules with the 4

zeolite surface sites is favored by the rather high 2

polarity of the radical. For this reason, it is interes-
ting to analyze the effect on the radical-zeolite 00 0.A 0. . . 0 .

interaction produced by increasing the loading of molecules
a diamagnetic compound that is structurally similar (b) sijpercoge

to TEMPO. We selected 2,2,6,6-teramethylpiperi- Fig. 7. (a) Experimental Ifull lines) a-W computed (dashed lines)
dine, which will be henceforth called "DummyT". EPR spectra of 0.011 TEMPO molecules per supercage

Figue 7a) sowstheexpeimetal(ful lies) adsorbed into NsX zeolite (hydrated at about IS water mole-
Figue 7a) sowstheexpeimetal(ful lies) cules per supercage) at different loadings of DummyT (see testLI

spectra of TEMPO-NaX samples at 0.011 indicated as molecules per supercage. (b) Correlation time for
TEMPO molleculeb per supercage and increasing motion as obtained from computation of the spectra as a

amounts of DunimyT (hydration at about 15 mole- function of DurnmyT loading in moleculles per supercage.

cules per supercape) The dashed lines in the figure
are the spectra computed with the Schneider-Freed 3), as a function of the DummyT content in the
program [20]. The results showed that the mobility NaX zeolites, expressed in molecules per supercage.
of the radical decreased with the increase of The restriction of motion might be interpreted in
DummyT concentration up to 0.5-0.6 molecules terms of a preferential occupancy of surface sites;
per supercage. At higher uptakes the mobility the radical molecules showed a higher selectivity
remained almost constant. Figure 7(b) reports the toward surface sites than DummyT. This is
variation of the correlation time for motion, expected by considering that DummyT does not
obtained by computing the spectra (g and A. carry the polar N-0 group (which also may
parameters are as used for spectra in Figs 2 and hydrogen bond with the -OH surface groups).
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Therefore its interacting ability toward the charged pentane vapor was passed through the zeolite until
surface sites is lower than for TEMPO radicals. no changes in the spectrum were observed. Figure 8
Furthermore. the free volume that the radical displays the EPR spectra of 0.011 TEMPO -mole-
molecules occupy may diminish due to filling of cules per supercage in dehydrated NaX zeolites at
the faujasite cavities with DummyT. Nevertheless, different loadings of pentane. In this case too, the
our analysis indicated that, at the highest DummyT spectra were computed (dashed lines) with the aid
loading, about 60'C of the supercages were occu- of the Schneider-Freed program C20]. The tvo
pied. Therefore the TEMPO radicals should retain representative spectra, indicated as a and b in
the same free volume as in the absence of DummyT, Fig. 8, were obtained after 30 and 60 min exposure
but they were forced to occupy more polar surface to a flow of pentane vapor respectively. Spectrum
sites, undergoing restricted mobility. In any case a presented a second adsorption superimposed on
water molecules still occupied the radical environ- signal a, shown in Fig. I. This second adsorption
ment, since the environmental polarity sensed by was characterized by a marked decrease of the .4,.
the hyperfine coupling did not undergo appreciable tensor components, and of the correlation time for
,,anlation. motion if compared with both signal a and signal

It is interesting to compare the graphs in Fig. 5 b. Indeed, the corresponding spectrum in Fig. 8
and in Fig. 7lb). In both cases the increase in was computed (dashed line) by using tne A, com-
loading leads eventually to a constant value for ponents 4.5, 65 and 35.5 G and r=8.5-10-' s The
the spectral parameter indicated in the graph. mobility further increased as saturation was
However the increase in linewidth for TEMPO approached (spectrum b in Fig. 8). This spectrum
loading was not so gradual as the increase of was computed (dashed line) with =5.5-10 - s (a
correlation time for DummyT loading, portion of signal a was present, but could not be
Furthermore the constant maximum value of AB quantitatively evaluated).
was reached at lower TEMPO uptake (:0.3 mole- Thus, the effect of pentane was, in !,ur point of
cules per supercage) compared t,- the DummyT view, similar to the effect of water: an increase of
uptake kz0.5 molecules per supercage) at which a
constant maximum value of r was reached. This
different behavior of the two similar substances,
TEMPO and DummyT, might be explained on
the basis of their different interacting ability toward
the zeolite surface sites; the higher polarity of
TEMPO molecules favors their preferential local-
ization at surface sites with respect to DummyT
molecules. s tbe tio

Effect of pentane addition

All the previous results concern the adsorption
of polar molecules which, more or less, compete
with the radical for the interaction with the surface. 3450 3500

The effect of a non-polar coadsorbate was explored Fig. 8. Experimental (full lines) and computed (dashed lines)

in a qualitative manner by exposing samples of EPR spectra of 0.Ol TEMPO molecules per supercage

dry NaX zeolite to pentane va',or, which was adsorbed into dry NaX zeolite, after absorption of pentane.
Spectra a and b were recorded after exposure to flowing pentane

deposited in a manner similar to that employed ror 30 and 60 min respectively and indicate the approach to
for water. To reach saturation from the gas phase. saturation.
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mobility with increase of the solvent content a slow-motion condition fr=40-10-9si even in

Obviously, in the case of pentane. solvation of the highly hydrated zeolites,
cations could not be a viable mechanism to explain A decrease of the charge.size ratio of the
the observation. We therefore concluded that the exchanged cation further decreased the mobility of
increase in mobility was due to solvation of the the radicals due to the variation of the local electric
radicals with consequent lack of interaction with field. A decrease of the hydration level at Sites i1
the surface. However, after saturation, the resulting might be responsible for the obser,,ed restriction
EPR spectrum strongly differed from the one of mobility in the presence of the larger cations.
obtained b) adding water: the mobility again The same effects were invoked to justify the
decreased. This effect was ascribed to the character- increased mobility of radicals adsorbed into NaY
istics of the pentane solvent: only a few of these zeolites with respect to NaX. Increasing amounts
large and apolar molecules can enter the zeolite of TEMPO radicals were easily adsorbed into the
cavity (the maximum allowed amount is 4.2 mole- zeolite framework, leading to spin-spin inter-
cules per supercage [I]) and hardly interact with actions among nearby molecules. Supported by a
the charged surface. Under this condition the radi- statistical simulation of the distribution of the
cals, as indicated by the AN tensor components, TEMPO molecules in the zeolite cavities, it %as
are no longer exposed to the polar sites at the proposed that two facing N-O groups in the same
zeolite surface, but are "squeezed" between pentane supercage were responsible for the Heisenberg spin
molecules which are jammed into a supercage. exchange at TEMPO loading >0.3 molecules per
Therefore, the mobilities of both the radical and supercage. On the contrary, two radicals in neigh-
the solvent strongly diminish, since the free volume boring supercages accounted for the dipolar-
available to the molecules becomes very small. dipolar broadening found at loadings up to 0.3

molecules per supercage. Increased loading of

Conclusions 2,2,6,6-tetramethylpiperidine resulted in a restric-
tion of motion of the TEMPO radicals. This was

TEMPO radicals adsorbed into dehydrated X interpreted in terms of preferential occupancy of
zeolites became localized in two different sites, the charged surface sites by the more polar
characterized by different mobility and environ- TEMPO molecules. Also by saturating the zeolite
mental polarity. These sites were identified as Sites cavities with pentane, the radicals showed a restric-
II and III in the faujasite cavities. A rather low tion of mobility, but, in th-s case, the low environ-
activation energy for motion (<2.0kcal mtol-') mental polarity sensed by the probes indicated
may be roughly evaluated from the temperature pentane solvation of the radicals. Therefore they
dependence of the correlation time for motion for were trapped in sites rather far from the polar
the two contributions. The addition of both water surface. In conclusion both hydrophilic and hydro-
and pentane increased the mobility of the radicals, phobic forces, such as charge and size effects, must
due to solvation of the probe molecules, with be taken into consideration in the case of competi-
consequent progressive lessening of the interaction tion between various molecules for interaction with
with the surface sites. Nevertheless, 3-4 water the X zeolite surface.
molecules per supercage were effective in increasing
the radical mobility, which remained almost con- Acknowledgments
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